We study magnon-mediated superconductivity in a heterostructure consisting of a topological insulator and an antiferromagnetic insulator on a bipartite lattice. Our main finding is that one may significantly enhance magnon-mediated superconductivity on the surface of the topological insulator by coupling to only one of the two antiferromagnetic sublattices. Such a sublattice symmetry-breaking coupling considerably strengthens the effective attractive interaction between gapless helical fermions, living on the surface of the topological insulator, compared to the case where the topological insulator couples symmetrically to both sublattices. We provide a general physical picture of this mechanism based on the notion of squeezed bosonic eigenmodes. We also contrast our results to the analogous case of an antiferromagnetic insulator coupled to a normal metal.
Introduction. -Hybrids comprised of a magnetic insulator coupled to a conducting layer allow for interconversion between magnonic and electronic spin currents [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Spin Hall effect [12, 13] in the conductor has further been exploited to electrically control and detect the magnonic spin currents [14] , thereby enabling their integration with conventional electronics. The spinmomentum locking in the surface states of a topological insulator (TI) provides a strong chirality [15] and thus, a potentially superior alternative [16] to a spin Hall conductor employed towards spin-charge coupling in these hybrids. The ensuing newly gained control over spin currents has instigated a wide range of magnon transport based concepts and devices [5, 8, 9, [17] [18] [19] [20] . Conversely, magnons in the magnet can mediate electronelectron attraction in the conducting layer. The resulting magnon-mediated superconductivity has been investigated both theoretically, in normal metals [21] as well as TIs [22, 23] , and experimentally [24] .
Interest in antiferromagnets (AFMs) has recently been invigorated [25] [26] [27] due to their distinct advantages over ferromagnets (FMs), such as minimization of stray fields, sensitivity to external magnetic noise, and low-energy magnons. The demonstration of electrically-accessible memory cells based on AFMs [28, 29] and spin transport across micrometers [20] corroborates their high application potential. Furthermore, their two-sublattice nature allows for unique phenomena [30, 31] , such as topological spintronics [32] and strong quantum fluctuations, not accommodated by FMs. AFMs with uncompensated interfaces, proven instrumental in exchange biasing [33] [34] [35] [36] [37] [38] [39] FMs for contemporary memory technology, have been predicted to amplify spin transfer to an adjacent conductor [40] . Recently, a theoretical proposal for proximity-inducing spin splitting in a superconductor using an uncompensated AFM, along with an experimental feasibility study based on existing literature, has also been put forward [41] .
Within the standard theory of boson-mediated superconductivity [42, 43] , the superconducting critical temperature T c is determined by an energy scale set by some high-frequency cutoff ω c on the boson-spectrum, the interaction of electrons to these bosons, and the single-particle electronic density of states on the Fermisurface. The latter two combine to an effective dimensionless coupling constant λ. In the simplest case, T c = ω c exp −1/λ . An enhancement of electronphonon coupling, possibly in a feedback loop involving strong correlation effects, typically results in an enhancement of Tc [44] . In the context of magnon-mediated superconductivity, an amplification of electron-magnon coupling should result in an analogous enhancement of T c . In this Letter, we theoretically demonstrate a drastically increased, attractive, magnon-mediated electronelectron interaction, exploiting the two-sublattice nature of, and squeezing-mediated strong quantum fluctuations in, an AFM [45] . We study the case where a TI can couple either equally or differently to the two sublattices of an AFM insulator (AFMI), as depicted in Fig. 2 , and find a significant enhancement of the attractive interaction in the latter case. This enhancement appears through magnon coherence factors acting constructively, instead of destructively as they do in the case of equal coupling to both sublattices. These magnon coherence factors, u k FIG. 1. Representation of a spin-up antiferromagnetic squeezed magnon. The squeezed excitation is a coherent superposition of states with N+1 spin-up and N spin-down magnons. Each of the constituent states possesses unit net spin, but varies in its spin content on each sublattice thereby resulting in strong quantum fluctuations.
FIG. 2.
Exchange coupling across an interface between an antiferromagnetic insulator (AFMI) and a topological insulator (TI). In (a), the coupling strengthJA between the TI and sublattice A of the AFMI is equal to the coupling strengthJB between the TI and sublattice B of the AFMI. In the case of (b), whereJA is different fromJB, we find a significant enhancement of the attractive interaction between helical fermions on the surface of the TI, leading to enhanced superconductivity. and v k , arise when investigating the long-lived magnetic excitations in the AFMI, and are subject to the fundamental constraint that u A physical picture of this pairing-interaction enhancement, to be detailed elsewhere, is provided by the squeezed nature of the antiferromagnetic magnons [45, 46] (Fig. 1 ). Referring to a spin-flip residing on sublattice A (B) as a spin-up (-down) magnon, the antiferromagnetic eigenmodes are formed by two-mode squeezing [47] between these spin-up and -down magnons [45, 46] . Thus, a spin-up AFM squeezed-magnon is comprised of a coherent superposition of states with N+1 spin-up and N spin-down magnons, as depicted in Fig. 1 , where N runs from zero to infinity [48, 49] . These spin-1 squeezed-magnons are then composed of states having net spin 1, but increasingly large amounts of spin located at each sublattice. The average spin on each sublattice associated with one squeezed-magnon is thus much larger than its unit net spin. Any excitations, such as itinerant electrons, that exchange-couple to only one of the sublattices thus experience a much stronger interaction proportional to the average spin residing on the particular sublattice. The exposure of itinerant electrons to a fully uncompensated antiferromagnetic interface accomplishes this effect. More generally, the same effect arises from the exchange coupling across the interface differing for the two sublattices [50, 51] . This directly results in an amplification of the electron-magnon, and ultimately electron-electron, interaction.
Model. -We consider a system consisting of an AFMI in proximity to a topological insulator (TI). The interface between the two materials is placed in the xy-plane and the staggered magnetization of the AFMI is taken to be along the z-direction, as shown in Fig. 2 . We take = a = 1, where a is the lattice constant. The system is modeled by a Hamiltonian [52, 53] 
consisting of a term describing the AFMI, a term describing the surface states of the TI, and a term describing the coupling between the two materials [21] . The strength of the Rashba spin-orbit coupling is determined by the Fermi velocity v F , the chemical potential is denoted by µ and
, where c † iσ is a creation operator, creating an electron with spin σ on lattice site i. The electron number operator is denoted by n iσ , and the Pauli matrices τ act on the fermion spin degree of freedom. The W -terms ensure that one avoids the fermion doubling problem [52] [53] [54] , such that there is only one Dirac cone in each Brillouin-zone. Thus, the model gives a faithful representation of the continuum model at low energies [52, 53] . By introducing the two exchange coupling strengthsJ A andJ B , we have allowed for the possibility that the interface exchange coupling between the TI and the AFMI could be different on different sublattices.
The exchange coupling between a magnetic insulator and a normal metal (NM) or TI gives rise to magnonmediated interactions between the gapless surface states in the NM or TI that could lead to superconductivity of the BCS-type [21, 23] , but also of a more unconventional type, so-called Amperean pairing [22, 23, 55] in which electrons on the same side of the Fermi surface pair up in spin-triplet pairs. In the following, we focus on BCStype pairing. Diagonalization. -We assume an ordered magnetic state and perform a Holstein-Primakoff transformation on the spin operators. We then perform a Fourier transformation, followed by a Bogoliubov transformation applied on the Hamiltonian describing the individual sublattice magnons, which are interacting and therefore by themselves not long-lived. This diagonalizes the AFMI Hamiltonian
Here z is the number of nearest neighbors and s is the spin quantum number associated with the lattice site spins. The magnon operators α k and β k are coherent superpositions of the individual sublattice magnons [56] . The interaction Hamiltonian produces a coupling between electrons on the surface of the TI and the A and B sublattices of the AFMI
in addition to an effective exchange field
where N is the number of lattice sites in the interfacial plane. The coherence factors u q , v q are parameterized by u q = cosh θ q , v q = sinh θ q , where tanh 2θ q = −γ k . Quadratic or higher order terms in the magnon operators have here been neglected and so have Umklapp processes where the momentum of the outgoing electron is shifted by a reciprocal lattice vector for the sublattices [57, 58] . The TI Hamiltonian is most conveniently expressed in terms of the eigen-excitations of the spin-orbit coupled TI in the presence of the effective exchange field, ψ k± , as these are ultimately the long-lived excitations that will be paired. These eigenexcitations are related to the original spinful electrons in the following way
where we have introduced
The diagonalized TI Hamiltonian takes the form H TI = kα E kα ψ † kα ψ kα where the TI quasiparticle excitation energies are given by E kα = −µ + αF k . Here α = ±1 denotes the helicity-index of the TI quasiparticles. The full Hamiltonian now takes the form
int . Effective interaction. -In order to obtain an effective interacting theory for the topological fermions on the TI surface, we express the electron operators in the coupling terms H A,B int in terms of the ψ-operators and integrate out the magnons, using a canonical transformation, to obtain an effective Hamiltonian H = H TI + H pair . The term H pair describes the interaction between topological fermions mediated by the antiferromagnetic magnons, and is given by
where ω = E k β − E k −q,β is the energy transfer in the process. Taking the continuum limit, simplifying the Qfactors, specializing to BCS-type pairing, and projecting down on the helicity-band (+), which crosses the Fermi surface for µ > 0, we obtain for the real part of the effective pairing interaction
where we have focused on scattering between states on the Fermi surface, with momentum |k| = |k + q| = k F [23] .
The angle φ k is defined via k = k F (cos φ k , sin φ k ),Ṽ = V B /2,J =J B , and ∆ = J A /J B . The term in curly brackets in Eq. (8) consists of two factors. The first is the standard factor that enters into pairing mediated by bosons with a dispersion relation ω q , familiar from phonon-mediated superconductivity [43] . The second factor originates with the Q-factors of the TI, i.e. spin-momentum locking. Eq. (8) describes a magnon-mediated "helicity-triplet" pairing interaction, between gapless topologically protected fermions, whose magnitude crucially depends on the constructive or destructive interference of squeezed magnons via the factor A(k, q, ∆), as we now go on to discuss in detail.
Coherence factors. -As we have focused on scattering between states on the Fermi surface, we set ω = 0. The first factor in the curly brackets of Eq. (8) then takes on a negative sign, and the factor A(k, q, ∆) takes the form
For the overall sign to be attractive, we need q > √ 2k F , which makes the cosine-factor positive. We still consider small momentum transfers q relative to the size of the Brillouin zone and observe that, in this limit, u q and v q are large, with similar magnitude, but opposite signs. For the case of equal coupling to both sublattices, ∆ = 1, we have A(k, q, ∆) = (u q + v q ) 2 , and a near-cancellation of the coherence factors, rendering the magnon-mediated attractive pairing weak. For the case of zero coupling to one of the sublattices, ∆ = 0, the magnonic coherence factors combine to A(k, q, ∆) = (u Exchange field. -There is, however, also another factor that depends on the parameter ∆. The factor v
) equals unity for ∆ = 1 and decreases for ∆ < 1, which could potentially have a detrimental effect on the pairing. The physical origin of this is the net exchange field which is experienced by the TI if it is exposed to the two sublattices in the AFMI unequally, ∆ = 1. The detrimental effect is most pronounced for zero exchange coupling to one of the sublattices ∆ = 0, which is when the enhancement from the coherence factors is strongest, but the factor is of order unity and it does not affect the overall sign of the interaction. As the Fermi energy is typically substantially larger than the exchange energy, the effect is not expected to be dramatic.
Comparison with normal metal. -The consequences of the net exchange field are very different in the case where a NM is coupled to an AFMI. A similar analysis as the one carried out above yields (see Supplemental Material [56] )
where we once again have investigated the case of scattering between states on the Fermi surface and set the energy transfer equal to zero. We have defined V = V B and the notation is otherwise as for the TI-case. We see that for ∆ = 1 and ∆ = 0, the coherence factors again conspire in a fashion which is destructive and constructive, respectively [59] . However, for the case which is most favorable for enhancement by squeezing of magnons, the factor 2ω q /(2Js(∆ − 1) 2 − ω 2 q ) could change sign from attractive to repulsive, provided that the effective exchange energy is larger than the energy of the bosons mediating the interaction |2Js(∆ − 1)| > |ω q |. This should be contrasted to the TI-case, where the exchange field does not affect the sign of the interaction and the exchange energy should be compared to the Fermi energy. The reason for the difference is that while the magnonmediated interaction of the type considered in Eqs. (4) and (5) a priori mediates a spin-singlet pairing or S z = 0 spin-triplet pairing, the k · σ-term in the kinetic energy for the surface states of the TI instead leads to pairing only within the band with helicity index +. Spin singlet or S z = 0 spin-triplet pairing states are susceptible to pair-breaking by an exchange field, whereas the +-band pairing contains a spin-triplet chiral p-wave component [60] , and is thus robust against an exchange field.
Summary. -We have shown that magnon squeezing enhances the superconducting pairing on the surface of a topological insulator dramatically. This enhancement occurs when the gapless surface states of a topological insulator predominantly couple to one of the sublattices of an adjacent antiferromagnetic insulator. This chiral coherence enhancement is robust since the effective electron interaction remains attractive. In contrast, coupling normal metals to antiferromagnetic insulators can induce a repulsive electron-electron interaction that prevents superconductivity. Heterostructures of topological insulators or normal metals on top of bipartite antiferromagnetic insulators with uncompensated interfaces are excellent laboratories for testing these predictions.
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In this supplement, we provide more details for the derivations of the results presented in the main paper. In the following we will take = a = 1.
NORMAL METAL/ANTIFERROMAGNETIC INSULATOR
We consider a bilayer heterostructure consisting of a normal metal (NM) and an antiferromagnetic insulator (AFMI).
The interface between the two materials is placed in the xy-plane and the staggered magnetization of the AFMI is taken to be along the z-direction, orthogonal to the interface, as shown in figure 3.
FIG. 3. The system consists of an antiferromagnetic insulator (AFMI) placed on top of a normal metal (NM).
The system is modeled by the Hamiltonian H = H AFMI + H NM + H int [21] , where
Here, we have c †
, where c † iσ is a creation operator, creating an electron with spin σ on lattice site i in the NM. The chemical potential is denoted by µ. The exchange coefficients J is assumed to be positive and therefore favors anti-alignment of neighboring lattice site spins S i . In the above expressions, the Pauli matrices τ act on the fermionic spin degree of freedom, the lattices are taken to be cubic and we assume periodic boundary conditions in the x-and y-direction. The sum over i, j includes all nearest neighbors for each i, and the lattice site sums in the interaction Hamiltonian cover the interfacial plane between the two materials. The strength of the coupling between the electrons and the lattice site spins of sublattice A, B is determined by the parametersJ A ,J B . In the following, we will takeJ B =J andJ A = ∆J, where ∆ determines which AFMI sublattice couples strongest to the electrons on the surface of the NM. In this way of parametrizing the exchange-interaction across the AFMI-NM interface, we may without loss of generality set 0 ≤ ∆ ≤ 1.
We introduce Holstein-Primakoff transformations for both sublattices in the AFMI
and Fourier transformations for the magnon and electron operators
where ♦ indicates that the sum over momenta covers the reduced Brillouin zone of the sublattices and G ≡ π(x+ŷ) a is a reciprocal lattice vector for the sublattices. For the AFMI Hamiltonian we then obtain
with
in the pairing Hamiltonian (the factor within the square brackets) quantifies the effect of interference between squeezed magnon states [45, 46] on sublattices A and B. Assuming q significantly smaller than the size of the Brillouin zone, the terms involving u 2 q + v 2 q grow large and positive, while the next term involving u q v q grows large and negative, due to the opposite signs of the parameters u q and v q . The destructive interference between squeezed magnon states is in general maximal when ∆ = 1. Then, the factor within the square brackets simplify to (u q + v q ) 2 , which for general filling fractions is small due to a near cancellation of u q and v q . Setting instead ∆ = 0 eliminates the destructive interference between squeezed magnon states on sublattices A and B entirely.
Thus, we see that ∆ = 1 produces two competing effects on the effective magnon-mediated electron-electron interaction. Namely, i) a detrimental effect from the first factor due to Zeeman-splitting of pairing electrons possibly reversing the sign of the interaction from attractive to repulsive, and ii) a significant boosting effect from the second factor due to suppressed destructive interference of squeezed magnons on sublattices A and B.
TOPOLOGICAL INSULATOR/ANTIFERROMAGNETIC INSULATOR
We next proceed to consider an identical bilayer structure where the NM has been replaced by a topological insulator (TI). We are particularly interested in clarifying in what way the corresponding competition between a detrimental effect of Zeeman-splitting and a boosting effect from suppressed destructive interference of squeezed magnons, discussed above, plays out in this case. The system is modeled by the Hamiltonian H = H AFMI + H TI + H int , where
Rewriting the interaction Hamiltonian in terms of the quasiparticles that diagonalized the TI Hamiltonian, we then have
We then take µ > 0, meaning that scattering processes on the Fermi surface only involve TI quasiparticles with helicity α = +. We investigate the long-wavelength limit and focus on the case of incoming particles with antiparallel momenta (BCS-pairing) situated at the Fermi surface. We also take the outgoing particles to have momenta with magnitude k F [23] . We can then write Re H pair =Ṽ 
where φ η is the angle between the x-axis and the vector η, as displayed in Fig. 5 . The angle φ k − φ q ∈ [ 
To obtain attractive pairing we now need φ k − φ q > 3 4 π, i.e. |q| > √ 2k F , which can still be small relative to the size of the Brillouin zone. The result presented in Eq. (78) should be compared to the result from the NM case, presented in Eq. (54) . The main difference lies in the first factor multiplying the fermion-operators. In the TI case, the appearance of an exchange-field when the spins on the A and B sublattices are uncompensated yields a factor which never changes sign and where the exchange-energy should be compared to the typically much larger Fermi-energy of the problem. In the NM-case, the corresponding factor can change sign, and the exchange-energy should be compared to the typically much smaller energy scale set by the frequency cutoff on the spectrum of the bosons mediating the pairing. The detrimental effect of the effective exchange field is thus of a completely different character in the TI and the NM, in that the effective pairing interaction in the former never changes sign due to the exchange field while the magnitude is reduced merely by a factor of order unity.
